sequence homology. Fatty acid substrate specificities (16, 17) , The activation of carcinogenic aromatic and heterocyclic intracellular localization (18) and hydroperoxide initiator amines and benzo[a]pyrene-7,8-diol to intracellular elecrequirements (19) for the two isoforms of COX have been trophiles by prostaglandin H synthase (COX) is well investigated. documentedfor ovine sources of this enzyme. Here, the
The ability of human COX (hCOX) to activate several arachidonic acid-dependent activation of substrates by carcinogenic compounds and possible differences in substrate human (h)COX-1 and-2 is examined, utilizing recombinant specificity between hCOX-1 and hCOX-2 are examined here.
enzymes. The COX-dependent activation of benzi-
For these studies, an arachidonic acid-dependent, COX- (25) and 2-aminofluorene (26), bound/mg DNA for COX-1 and -2, respectively, for the but appreciable activation has only been detected with the activation of MOCA. BZ, which is an excellent peroxidase latter substrate. For the substrate work performed herein, two substrate, did not exhibit high DNA binding levels in transfected Chinese hamster ovary (CHO) cell lines, expressing hCOX assays and this phenomenon was found to be due full-length hCOX-1 or -2 (24), were utilized. to high levels of binding to protein, which effectively
The compounds selected for these COX bioactivation studies competed with the DNA for binding in the assay. The are well known industrial chemicals or dietary components. A demonstrated ability of the COX enzymes to activate a detailed review of these chemicals can be found elsewhere variety of environmental and dietary carcinogens indicates (27) . Briefly, benzidine (BZ), a known human carcinogen, now a potential role for COX in the activation pathway usually considered only as a model peroxidase substrate, still of aromatic and heterocyclic amines and polycyclic has some occupational exposure. Moreover, BZ is often a hydrocarbons at extra-hepatic sites during early or late contaminant of hundreds of BZ-based azo dyes, such as Direct stages of carcinogenesis.
Black 38 that is used in newspaper ink. 4-Aminobiphenyl (ABP), another known human occupational carcinogen, is also a ubiquitously occurring compound present in the environIntroduction ment with high levels found in cigarette smoke. 4,4Ј-MethylProstaglandin H synthase (COX/PGHS) is the enzyme enebis(2-chloroaniline) (MOCA) is a curing agent widely used responsible for catalysis of the committed step in prostanoid in the manufacture of polyurethane and is considered a biosynthesis. There are two distinct isoforms of this enzyme, probable human carcinogen. 2-Amino-3,8-dimethylimidazo a constitutively expressed isoform (COX-1) and an inducible [4,5-f]quinoxaline (MeIQx), IQ and PhIP are compounds isoform (COX-2). COX-1 is expressed in virtually all extraformed during the high-temperature cooking of meat and have been implicated in the etiology of human colon cancer. is a ubiquitous combustion product found in polluted air, harvested by removing the media on confluent cultures, rinsing once with Hank's Balanced Salt Solution-EDTA, then covering with the same solution and incubating for 15 min. The cells were next transferred to 50 ml conical tubes and cell pellets were obtained by centrifugation (3300 g for 15 min at 4°C).
Enzyme preparation
Harvested cells were prepared according to published procedures (29) . The cell pellets were allowed to swell in a hypotonic buffer and then lysed by passage through a bent 26-gauge needle. The cell lysate was then centrifuged at 3300 g for 15 min at 4°C. The supernatant was transferred to new tubes and centrifuged at 100 000 g for 1 h at 4°C. The resultant microsomal pellet was resuspended in a solution consisting of 0.25 M sucrose, 10 mM Trisacetate buffer (pH 7.4) and 20% glycerol. Protein concentrations were determined by the biuret method (30). Ovine COX standards were obtained from Oxford Biomedical Research, Oxford, MI (oCOX-1, product no. PG01) and from Cayman Chemical Company, Ann Arbor, MI (oCOX-2, product no. 60120). inducers, but also as substrates for COX. In our work, the manufacturers, one unit is the amount of enzyme capable of consuming 1 nmol of oxygen per minute at 37°C in the production of PGG 2 ) in a 1 ml total COX-catalyzed activation of (ϩ)BP- (24) and the published protocol was followed with minor adaptation. Briefly, the hCOX-1 expressing CHO line was grown and selected using G418 (Gibco BRL, Grand Island, NY) in HyQ-CCM5 medium (Hyclone Labs,
Hydroperoxidase activity

Results
Logan, UT) supplemented with 100 µg/ml streptomycin and 100 U/ml
Activation of 4-aminobiphenyl, (ϩ)BP-7,8-diol and benzidine
penicillin. The hCOX-2 transfected CHO cells were selected using 25 µM Lmethionine sulfoximine in Glasgow's MEM with L-glutamine (Biowhitaker, All four cyclooxygenases (oCOX-1, oCOX-2, hCOX-1 and Walkerville, MD) and supplemented with 10% dialyzed fetal bovine serum, hCOX-2) activated ABP, (ϩ)BP-7,8-diol and BZ to DNA 100 µg/ml streptomycin, 100 U/ml penicillin, 1.0 mM sodium pyruvate, 60 binding species (Figure 2) . The hCOX enzymes displayed µg/ml L-asparagine, 7 µg/ml ribonucleosides and non-essential amino acids.
Cells were grown as a monolayer culture at 37°C in 5% CO 2 . Cells were equal or greater activation of ABP and (ϩ)BP-7,8-diol as were present in the hCOX-1 reaction, the total contribution of Values shown are averages (n ϭ 3) with standard deviation.
this contaminating DNA would not be expected to exceed *P ϭ 0.006, # P Ͻ 0.05 for comparisons between hCOX-1 and -2 and 50 pmol. These results support the hypothesis that the low between oCOX-1 and -2, respectively. In untransfected cell enzyme DNA binding in the BZ reactions catalyzed by hCOX was preparations, arachidonic acid dependent binding was Ͻ0.1 pmol/mg DNA.
due to competitive binding by the abundant microsomal protein in the reaction mixture (2.5 µg for oCOX-1 reactions versus compared with the oCOX enzymes. There was a statistically 400 µg for the hCOX-1 experiments). significant difference between hCOX-1 and -2 for the activation Activation of IQ, MeIQx, PhIP, MOCA and (Ϯ)BP-7,8-diol of ABP (16.7 pmol substrate/mg DNA for hCOX-1 and 11.3 pmol/mg DNA for hCOX-2). For each of the substrates, Ovine COX-1 and the hCOX isozymes demonstrated the ability to activate IQ, MeIQx, PhIP, MOCA and (Ϯ)BP-7,8-a significantly greater level of activation was observed for oCOX-1 as compared with oCOX-2. The results of the experidiol. For the hCOX-catalyzed reactions, those containing MOCA led to the highest levels of DNA binding observed ments utilizing BZ as a reducing substrate were plotted on a logarithmic scale due to the fact that the ovine enzymes (Figure 4 ). There was also a difference in the binding levels catalyzed by hCOX-1 as compared with hCOX-2, with hCOXdemonstrated a 30-to 100-fold greater activation of BZ than the hCOX enzymes. No arachidonic acid-dependent activation 2 utilizing MOCA as a reducing substrate and activating it to an electrophile at nearly twice the level of hCOX-1 could be detected in enzyme preparations from untransfected cells.
(P ϭ 0.007). MeIQx was effectively utilized by hCOX as a reducing substrate as demonstrated by levels of DNA binding BZ activation was tested at various enzyme and substrate concentrations yielding results that indicated interference was nearly equivalent to those of ABP. (Ϯ)BP-7,8-diol was bioactivated by hCOX-2 at the same level as the purified occurring during catalysis to an activated species or during binding to DNA. Antioxidants such as phenol and diethyl-(ϩ)stereoisomer alone, but at a slightly higher average binding level (23% greater; P ϭ 0.03) for the (ϩ)stereoisomer as dithiocarbamic acid were added to the incubations in an effort to improve activity, but with marginal success. these results, it is apparent that hCOX-2 activates (ϩ) and above the limits of detection (Figure 4 ). An exception was oCOX-1, which showed appreciable activation of IQ. (-)BP-7,8-diol to the same degree, while hCOX-1 apparently displays a greater activation of the (ϩ)stereoisomer.
Additionally, to insure that lipoxygenases were not Discussion contributing to the activation of the BP diols, control reactions were carried out containing 30 µM nordihydroguaiaretic acid, Human microsomal PGHS, which may have contained either COX-1 or -2, has been shown to be capable of activating a selective lipoxygenase inhibitor, with no apparent effect on substrate binding values (data not shown).
a variety of substrates (23, 25, 26) . Thus, the activation of dietary and environmental carcinogens by these extra-hepatic MeIQx appeared to be readily bioactivated by oCOX-1, hCOX-1 and hCOX-2. In contrast, the activation of PhIP and enzymes may play a significant role in normal tissue, or in tumors such as colon, lung, breast and skin, all of which IQ in this test system by the COX enzymes were at levels just have been shown to express either COX-1 or -2, or both formation. These results are in agreement with work done by Eling et al. that demonstrated the need for acetylation of BZ (11) (12) (13) (14) (15) . Our study has now shown that both hCOX isoforms are capable of activating several known, or suspected human for mutagenesis (40, 41) . In the BSA-containing reactions, which were used as a model of the hCOX reactions, the carcinogens.
The oCOX enzymes, utilized primarily as positive control same level of inhibition and binding was not seen (although appreciable levels of inhibition are present). This is attributable standards, exhibited significant differences in activation for BZ, ABP and (ϩ)BP-7,8-diol in comparison with hCOX. For to the fact that BSA contains only one free thiol per molecule, which is presumably the residue where most of the BZ diimine each substrate, this difference in activation was similar. The fact that little difference in activation between the hCOX is binding, while the recombinant microsomes may contain proteins with several free thiols (or other possible sites, e.g. enzymes was observed for most substrates indicates that the large differences seen between oCOX-1 and -2 may be due to lysine) giving the microsomes a greater quenching capacity than that of BSA. factors other than enzyme-substrate affinity, such as differences in stability between isoforms. Regardless, the values obtained
The activation of the BP metabolite, BP-7,8-diol, by the COX isozymes may be especially relevant to skin, lung and are useful for comparison with the hCOX activation levels.
The level of DNA binding for MOCA was greater by far colon carcinogenesis, as these sites receive direct exposure to polycyclic aromatic hydrocarbons (PAHs; occupational, than for any substrate tested and a sizeable body of evidence exists implicating this compound in human and animal carcinoenvironmental, smoking, diet). Moreover, these tissues contain both cytochromes P450 1A1 and P450 1B1 (reviewed in ref. genesis (33) . MOCA is a widely used industrial chemical that is not found in nature and it has been estimated that some 42), which readily convert BP to its 7,8-diol; and have each been shown to express COX enzymes that can further activate 35 000 workers are potentially exposed to this substance (34) . It is used as a curing agent for isocyanate-containing polymers this metabolite to form DNA adducts. The work done here establishes carcinogen activation by (polyurethane) and also as a curing agent in epoxy and epoxyurethane resin blends. Although epidemiological evidence of hCOX enzymes to covalently bind to DNA in vitro. Several MOCA contributing to human cancers is limited, there is an studies have been conducted in vivo in animal models that abundance of animal data documenting hepatic and lung support a role for COX in chemically-induced carcinogenesis. cancers in treated rats and mice (33) and urinary bladder
The co-administration of docosahexaenoic acid (DHA, C22:6, tumors in dogs (35, 36) . Additionally, it has been shown that ω-3), which is thought to inhibit COX and lipoxygenase MOCA is present in the urine of workers exposed to this metabolism in vivo, has been shown to block chemicallycompound (34) , and that acute exposure to MOCA results in induced carcinogenesis in the colon (43-45). Specifically, work the formation of DNA adducts in exfoliated human urothelial done by Takahashi et al. (46) utilizing a rat model administering cells (37) . COX enzymes are known to be present in the DHA and PhIP has demonstrated this inhibition. After 4 weeks urinary bladder (20, 38) . As shown in Figure 4 , the hCOX of treatment, the rats receiving DHA in addition to PhIP had isozymes activate MOCA at a level appreciably greater than 53% fewer aberrant crypt foci (putative preneoplastic lesions) oCOX-1; therefore, previous work utilizing oCOX would not than the rats administered PhIP only. In a murine model of have predicted, as has been demonstrated here, that MOCA familial adenomatous polyposis (APC ∆716 ), constitutive highis highly activated by hCOX isozymes, resulting in DNA level expression of COX-2 is observed (47). In this murine covalent binding.
model, heterocyclic amines present in high-temperature cooked ABP is also a readily utilized reducing substrate for both meats were shown to stimulate polyp growth (48); while DHA COX isozymes; this near ubiquitous carcinogen is found in a significantly reduced the number of polyps (49) . variety of sources, most notably cigarette smoke. This finding
The activation of several substrates, demonstrated here and the activation of the food-borne heterocyclic amine MeIQx, utilizing human enzymes, along with the abundant animal indicate a mechanism whereby activation of these compounds data indicate a role for hCOX in human chemically-induced may occur in normal (COX-1) as well as in neoplastic (COXcarcinogenesis. As has been shown previously, COX-1 and -2 1 and -2) colonic mucosa. Previous work (25) has demonstrated are present in several extra-hepatic tissues, most notably the significant activation of IQ in hCOX assays and little or no colon where cytochrome P450 levels are low and COX is PhIP activation. The difference between the findings of London known to play a role in carcinogenesis; the presence of active et al. (25) and those recorded here pertaining to IQ activation enzyme and the near certainty of exposure to many of these may be partially due to the fact that a 5-fold greater substrate tested compounds would seem to ensure a role for COX in concentration (20 versus 100 µM) was utilized in their experichemically-induced human carcinogenesis. ments. Additionally, PhIP did not appear to function as a reducing substrate in this previous work, whereas it did in the References system described here (though at a very low level). This discrepancy may be due to enzyme preparation. In the previous preparations may divert activated species from DNA adduct
